Tailed bacteriophages (Caudovirales) are divided into three families: Myoviridae with long contractile tails, Siphoviridae with long noncontractile tails and Podoviridae with short noncontractile tails. All have an icosahedral head with a portal vertex connected to a neck structure followed by a tail. Bacteriophage Mu belongs to the Myoviridae family. Herein, the gp29 portal subunit and neck subunits gp35, gp36 and gp37 of the Mu phage were purified to elucidate their arrangement in the neck.
| INTRODUCTION
Caudovirales, also known as tailed bacteriophages, is an order of viruses composed of an icosahedral or oblate head, a neck and a tail of varying length, with the DNA genome protected by the head that has one unique portal vertex. This portal is connected to a head-to-tail connector that provides a channel for genome delivery into the host cell. The portal, connector and tail terminator subunits at the proximal end of the tail form a neck structure that is observed in electron microscopy as a narrow region between the head and tail ( Figure 1a ). The channel that runs along the axis of the neck is narrow, but its diameter is sufficient to deliver DNA. Tail fibers, attached to the tail, mediate recognition and adsorption to the host cell and determine host specificity. The self-assembly pathway of tailed bacteriophages has been extensively investigated (Casjens & Hendrix, 2015; Casjens & Thuman-Commike, 2011; Leiman, Kanamaru, Mesyanzhinov, Arisaka, & Rossmann, 2003) . The phage head, tail and tail fibers assemble independently along well-ordered pathways and subsequently join together. Phages in this order exhibit diverse morphology and are divided into three families: Myoviridae with long contractile tails, Siphoviridae with long noncontractile tails and Podoviridae with short noncontractile tails (Fokine & Rossmann, 2014) .
Bacteriophage Mu belongs to the Myoviridae family and infects a broad range of enterobacterial hosts (Sandulache, Prehm, & Kamp, 1984) . The neck subunits of Mu comprise the protein products of the J and K genes (Smith, Avanigadda, Liddell, Kenwright, & Howe, 2010) . Escherichia coli lysates produced with J amber mutant phages contain viral particles with complete tails and heads containing the DNA genome (Grundy & Howe, 1985) . Thus, the gene product of J (gpJ) is believed to be involved in construction of the neck and connection of the head and tail (Giphart-Gassler, Wijffelman, & Reeve, 1981; Grundy & Howe, 1985) . Lysates from K amber mutants contain abnormally long tails, suggesting that gpK acts as a tail terminator protein to complete tail growth at the proximal end of the tail (Giphart-Gassler et al., 1981; Grundy & Howe, 1985) . Analysis of the Mu genome showed that it is composed of 55 open reading frames (ORFs) (Morgan, Hatfull, Casjens, & Hendrix, 2002) . Amber mutation sites in the J and K genes were found in the ORFs of genes 36 and 37, respectively (Smith et al., 2010) , suggesting that gp36 is a neck subunit and gp37 is a tail terminator. Sequence analysis also identified the ORF of gene 35 located between gene 34, encoding a major head subunit, and gene 36, encoding a neck subunit. To date, little information has been reported on gp35 function or its amino acid sequence homology with other phage subunits (Morgan et al., 2002) . However, we predict that gp35 is an additional neck subunit, because most of the phage connectors are paired with other connector proteins (Fokine & Rossmann, 2014) . Genome analysis also indicated that gp29 is likely to be a portal protein in Mu (Morgan et al., 2002) . In the present work, recombinant gp29, gp35, gp36 and gp37 were purified to elucidate their arrangement in the phage Mu neck. We determined the X-ray crystal structure of gp36 and found structural similarity with Siphoviridae and Podoviridae neck subunits. A stable gp35-36 complex was observed, suggesting that gp35 is a neck subunit along with gp36. These findings together with other binding experiments of gp36 with various subunits lead us to propose that the Mu phage neck is structurally similar to the necks of morphologically distinct Podoviridae, Siphoviridae and Myoviridae families.
| RESULTS

| Recombinant portal subunit gp29 and neck subunit gp36 are monomeric in solution
To elucidate the subunit composition of bacteriophage Mu, genes gp29, gp35, gp36 and gp37 were over-expressed and purified. The calculated molecular weights of the subunits are 58.3 kDa for recombinant gp29 with an N-terminal T7-tag (T7-gp29), 14.8 kDa for gp35 with a C-terminal His-tag (gp35-His), 16.5 kDa for gp36 with a C-terminal His-tag (gp36-His) and 21.4 kDa for gp37 with a C-terminal Histag (gp37-His). All purified proteins yielded single bands with the expected molecular weights in 12.5% or 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE; Figure 1b) . Initially, oligomeric states of T7-gp29 and gp36-His were determined by analytical ultracentrifugation. Sedimentation velocity analysis showed a single molecular weight component corresponding to 58.3 ± 3.8 kDa for T7-gp29 (Figure 2a) . Although minor high molecular weight aggregates were also present, they covered a wide molecular weight range and did not form a discrete species. As the calculated molecular weight based on the amino acid sequence is 56.9 kDa, we concluded that T7-gp29 is a monomer in solution. We also observed a single species for gp36-His with a molecular weight of 15.9 ± 2.8 kDa (Figure 2b ), which corresponds well with the calculated molecular weight of 16.5 kDa based on the primary sequence, suggesting that gp36-His also forms a monomer in solution. Thus, we deduced that neither the portal subunit (gp29) nor the neck subunit (gp36) alone assembles to form an oligomeric ring resembling that of P22 gp1 and gp4 (Olia et al., 2006) .
| Identification of the binding partner of gp36
We attempted to identify partners interacting with gp36. Escherichia coli cells expressing gp36 without a tag were mixed with E. coli cells expressing gp35-His or gp37-His. Cell extracts were then subjected to nickel affinity chromatography, and eluates were analyzed by 15% SDS-PAGE. We found that gp36 coeluted with gp35-His, but not with gp37-His ( Figure S1a ). The eluate containing both gp36 and gp35-His was loaded onto a size exclusion column (Sephacryl S-300), and gp36 and gp35-His were eluted in the same peak (Figures 3a and S1b). In addition, the elution volume (fraction ~48, ~240 ml) was significantly smaller than that of gp36-His (fraction ~74, ~370 ml) and gp35-His (fraction ~72, ~360 ml) ( Figure S1b ). These results suggest that proteins gp36 and gp35-His form a stable complex, whereas gp37-His and gp36 do not form a complex in comparable experiments. To further confirm formation of the gp35-gp36 complex, we carried out an immunoprecipitation experiment using gp36 antisera, and Western blotting of the precipitate with gp35-His antisera clearly showed that gp35-His precipitated with gp36 ( Figure 3b ). These results indicate that gp35 and gp36 form a stable complex in solution and that gp35 is a partner subunit of gp36 in the formation of the neck structure.
| Crystal structure of gp36 and structural comparison with other phage neck subunits
To investigate the molecular architecture of the neck, we determined the crystal structure of gp36-His, which was refined to an Rcryst value of 21.5% and an Rfree value of 24.7% at a resolution of 1.8 Å. The final refinement statistics are shown in Table 1 , and coordinates and structure factors have been deposited in the Protein Data Bank (PDB) under accession number 5YDN. Recombinant gp36-His is a monomer in crystals as in solution, and the globular protein composed of five α-helices corresponding to helix1 (Val6-Tyr13), helix 2 (Arg15-Lys25), helix 3 (Asp33-Leu51), helix 4 (Ser64-Leu78) and helix 5 (Glu85-Asp103). The C-terminal region of gp36-His, Lys105-Ile141-histidine-tag, was disordered in the crystal structure ( Figure 4a ). Helix 1 (Val6-Tyr13) interacts with helix 4, and the side chain of Asp8 interacts with Lys67 in helix 4, while the aromatic ring of Tyr13 stacks against the Trp75 ring in helix 4. Helix 2 (Arg15-Lys25) is an additional feature that was not observed in the homologous phage subunits described below, and Arg15 of helix 2 interacts with the side chain of Asp33 in helix 3. Helix 3 (Asp33-Leu51) is acidic and contains Asp33, Glu37, Asp42 and Asp48 without any basic residues, and only Asp33 of these residues interacts with a basic amino acid side chain. Helix 4 (Ser64-Leu78) is hydrophobic and contains Leu65, Leu66, Val72, Val73, Trp75, Phe76, Tyr77 and Leu78, of which Leu65 and Leu66 interact with Trp97 in helix 5. Phe46 in helix 3 is sandwiched between Tyr77 in helix 5 and Tyr50 in helix 3. In addition to the Tyr13-Trp75 ring stacking described above, Phe76 stacks with Tyr91 in helix 5, and together these aromatic rings form the characteristic aromatic hydrophobic core ( Figure 4b ). Helix 5 (Glu85-Asp103) is amphiphilic. Lys105 and Arg102 form a salt bridge with the neighboring Asp103, and Arg96 forms a salt bridge with the neighboring Asp93.
We searched for structural homologues of gp36 in the PDB using the Dali server and found that gp36 shares significant structural similarity with Siphoviridae HK97 phage gp6 (Figure 4c ). Despite undetectable sequence similarity, F I G U R E 3 Detection of an interaction between gp35 and gp36.
(a) 15% SDS-PAGE analysis of the gp35-His and gp36 complex purified by gel filtration chromatography. (b) Immunoprecipitation using anti-gp36 antiserum and Western blotting with anti-gp35 antiserum. Escherichia coli cell lysates expressing gp35-His and gp36-His were co-incubated and precipitated with anti-gp36 mouse antiserum, and gp35-His was detected by Western blotting with antigp35 mouse antiserum. Mu gp36 was superimposed on HK97 gp6 with a root-meansquare deviation (RMSD) of 2.83 Å between equivalent Cα atoms. Similarly, it was reported that HK97 gp6 is structurally and functionally homologous with P22 phage gp4 (Podoviridae) and SPP1 phage gp15 (Siphoviridae), despite no sequence homology between them (Olia, Prevelige, Johnson, & Cingolani, 2011) . All of these subunits share a similar helical fold ( Figure 5 ) and are superimposed well on each other, with RMSDs between equivalent Cα atoms in gp15 with gp36 and gp4 with gp36 of 3.00 and 3.02, Completeness in a percentage of independent reflections observed. where I(h,i) is the intensity value of the ith measurement of h and <I(h)> is the corresponding mean value of I(h) for all I measurements; the summation is over the reflections with I/σ I larger than −3.0. d Isomorphous phasing power is rms isomorphous difference divided by rms isomorphous residual lack of closure, and anomalous phasing power is rms anomalous difference divided by rms anomalous residual lack of closure. e FOM is the mean figure of merit. f R is a conventional crystallographic R factor, ∑| Fo − Fc | /∑ |Fo |, where Fo and Fc are the observed and a calculated structure factors, respectively. R free is a free R factor of the refinement evaluated for the 5% of reflections that are excluded from the refinement. respectively. Thus, the structure of the head-to-tail connector subunit is shared in the morphologically distinct Podoviridae (P22), Siphoviridae (HK97 and SPP1) and Myoviridae (Mu) phages.
To deduce the structure of the Mu phage neck assembly, we compared the portal and neck structures of P22, HK97, SPP1 and Mu phages. The portal and the connector subunits for P22 phage are gp1 and gp4, respectively. In the structure of the portal-connector subunit (gp1 and gp4) complex of P22 phage, a protomer of gp4 is attached at the interface of the two portal subunits ( Figure S2) . The P22 gp4 structure shows a long C-terminal tail docked onto the outer surface of the P22 portal subunit. Of note, gp36 includes a C-terminal disordered region with a length comparable to that of the Cterminal tail of gp4. In phage SPP1, the portal protein gp6 assembles as a circular oligomer and serves as a pipeline for DNA passage. The head-to-tail connector consists of two stacked cyclical oligomers, the portal adaptor of SPP1 gp15 and the genome stopper of gp16. The existence of the gp35-gp36 complex suggests that Mu gp35 is located beside gp36 and that Mu gp35 and gp36 correspond to SPP1 gp16 and gp15, respectively ( Figure S2 ).
| DISCUSSION
Genomic analysis of genetically diverse bacteriophages shows low amino acid sequence homology, even among functionally identical subunits (Krupovic, Prangishvili, Hendrix, & Bamford, 2011) . Neck subunits are generally more diverse than head or tail subunits among the Podoviridae, Siphoviridae and Myoviridae phage classes (Lopes, Tavares, Petit, Guerois, & Zinn-Justin, 2014). Thus, sequence analysis failed to annotate the functions of gp35, gp36 and gp37 (Morgan et al., 2002) . However, comparison of the threedimensional structures of morphologically distinct phages showed a similar structural fold in all three families (Veesler & Cambillau, 2011) . For example, the major capsid proteins of phage HK97 (Siphoviridae) and T4 (Myoviridae) exhibit a similar polypeptide fold (Fokine et al., 2005) , and the threedimensional structures of the portal proteins of SPP1 and P22 show a common folding pattern (Lebedev et al., 2007; Olia, Bhardwaj, Joss, Casjens, & Cingolani, 2007) . Similarly, phage Det7 (Myoviridae) has a tail spike that has a tertiary structure similar to that of the tail spike of P22 (Walter et al., 2008) . The similarity of Mu gp36, HK97 gp6, P22 gp4 and SPP1 gp15 provides another example of similar protein structure within the three morphologically distinct phage classes. When discussing the biochemical properties of Mu gp36, we focused on P22 gp4 rather than HK97 gp6, even though P22 gp4 has a less similar tertiary structure than HK97 gp6. This is because Mu gp36 and P22 gp4 share some common features. For example, both subunits have a tail-like C-terminal sequence that is not present in HK97 gp6 or SPP1 gp15, and both recombinant Mu gp36 and P22 gp4 are monomeric in solution (Olia et al., 2006) , whereas HK97 gp6 assembles into a 13-mer ring structure by itself (Cardarelli et al., 2010) . P22 gp4 extends its C-terminal tail into the interface of the neighboring two subunits of P22 portal subunit (gp1), and gp4 assembles to form a connector only in the presence of an assembled portal ring (Olia et al., 2011) . However, other reports showed that P22 gp1 exists as a monomer in solution and spontaneously assembles into a portal ring in vitro only under unusual conditions such as high protein concentration (100-200 mg/ml) with a long incubation (24 hr at room temperature) (Bazinet, Benbasat, King, Carazo, & Carrascosa, 1988; Lorenzen, Olia, Uetrecht, Cingolani, & Heck, 2008) . Recombinant Mu portal subunit gp29 and connector subunit gp36 were found to be monomers in solution (Figure 1 ), similar to P22 portal gp1 and connector gp4 (Lorenzen et al., 2008) . We did not observe binding between gp29 and gp36, nor ring form of gp36. Similarly, P22 gp4 does not assemble into a 12-mer ring form without the 12-mer portal protein gp1 (Olia et al., 2006) .
Modeling a possible molecular assembly of gp36 may help to show the architectural features of phage Mu, and gp36 ring models can be constructed in principle by superimposing the gp36 structure on the P22 gp4 12-mer and HK97 gp6 13-mer structures, even though at present there is no experimental evidence that either the 12-mer or the 13-mer is the true structure of the Mu phage connector. In both models, hydrophobic helix 4 with a characteristic aromatic hydrophobic core and the amphiphilic helix 5 were expected to form a subunit surface (Figure 6 ). The architecture of Mu gp35 can also be modeled based on the structure of SPP1. The SPP1 neck is composed of a portal protein, a portal-binding subunit (gp15) and a tail terminator (gp16). Structural comparison showed that Mu gp36 resembles SPP1 gp15. Thus, our finding that gp35 and gp36 form a stable complex suggests that Mu gp35 corresponds to SPP1 gp16 ( Figure S2 ). This also implies that gp36 and gp37 are not attached until the head and tail have matured. In future studies, we intend to purify and determine the structure of the gp29-gp36 complex based on the P22 findings, which will be of value for understanding the architecture of phage Mu.
Genomic and structural analyses can show details of bacteriophage diversity and evolution, and structural comparison is a valuable and efficient method for exploring subunit relationships in different virions. In the present study, structural comparison of the neck subunits of three Caudovirales families provided insight into the structure, function and evolution of these viruses.
| EXPERIMENTAL PROCEDURES
| Plasmid construction and overexpression of proteins
The expression vector pET-21a (Novagen) was used to clone phage Mu genes 29, 35, 36 and 37. All gene fragments were amplified by PCR from genomic DNA from the phage Mu lysogenic host. PCR was carried out using KOD-Plus DNA polymerase (TOYOBO). PCR products were separated by 1% agarose gel electrophoresis, gelpurified and cloned into the BamHI and SalI (gene 29) or the NdeI and XhoI (gene 35, 36 and 37) restriction sites of pET-21a. PCR primers and constructs for gp35, gp36 and gp37 were designed to express proteins with or without a C-terminal six-histidine affinity tag (Harada et al., 2013; Suzuki, Yamada, Toyama, & Takeda, 2010) . Plasmids for gp29 production were designed to express protein with a T7-tag at the N-terminus. All constructs were confirmed with DNA sequencing. Escherichia coli BL21 (DE3) pLysS competent cells were used for over-expression using the expression plasmids described above. Luria-Bertani (LB) broth was used for cultivation and contained 1% (w/v) Bacto tryptone, 0.5% (w/v) Bacto yeast extract and 0.5% (w/v) NaCl. Cells were grown at 37°C with shaking in LB broth supplemented with 100 μg/ml ampicillin. Protein expression was induced by addition of isopropyl-1-thio-β-d -galactopyranoside (IPTG) to a final concentration of 1 mM when the absorbance of the culture at 600 nm (OD600) reached ~0.6. The culture was then grown for a further 24 hr at 18°C. Cells were harvested by centrifugation (6,000× g, 15 min, 4°C) and resuspended in 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA. For purification of subunit complexes, IPTG-induced cells expressing individual subunits in histidine-tagged and nontagged combinations were mixed and resuspended. Cells were subsequently sonicated on ice in the presence of 1 mM phenylmethanesulfonyl fluoride (PMSF). Soluble and insoluble fractions were obtained following centrifugation (6,000× g, 10 min, 4°C).
For purification of histidine-tagged gp35, gp36 and gp37, soluble fractions were filtered and loaded onto a HisTrap HP column (Amersham Biosciences) equilibrated with 20 mM phosphate buffer (pH 7.4) and 500 mM NaCl. Recombinant proteins with a histidine tag were eluted with elution buffer (20 mM phosphate buffer pH 7.4, 500 mM NaCl and 500 mM imidazole). In the case of subunit complexes, histidine-tagged and nontagged subunits were bound and eluted. Fractions containing eluted protein were then further purified using a Sephacryl S-300HR (BioRad) gel filtration column equilibrated with 50 mM TrisHCl (pH 8.0) and 150 mM NaCl.
For gp29 purification, a cell lysate dialyzed against 50 mM Tris-HCl (pH 8.0) was applied to a DEAE Sepharose column (GE Healthcare) equilibrated with dialysis buffer, and adsorbed proteins were eluted with a linear gradient of 0-0.5 M NaCl. Fractions containing gp29 were then applied to a Phenyl-Sepharose column (TOSOH) equilibrated with 50 mM Tris-HCl (pH 8.0) and 1 M ammonium sulfate, and proteins were eluted with a linear gradient of 1.0-0.0 M ammonium sulfate. Finally, gp29 was purified on a Sephacryl S-300HR (Bio-Rad) gel filtration column equilibrated with 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl. All protein fractions were monitored by measuring the absorption at 280 nm and subjected to 15% SDS-PAGE.
| Analytical ultracentrifugation
Analytical ultracentrifugation was carried out in 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl, and the same buffer was used as a reference solution. Sedimentation velocity experiments were carried out using an Optima XL-I analytical ultracentrifuge (Beckman) with a 4-hole An60Ti rotor at 40,000 rpm and 20°C using standard double-sector centrepieces and quartz windows. Concentration profiles of samples were monitored by absorbance at 280 nm and analyzed using the SEDFIT program (Laue, 2001) to determine the molecular weight. For these calculations, the partial specific volume was estimated from the amino acid composition using the program SEDNTERP (Lebowitz, Lewis, & Schuck, 2002) .
| Immunoprecipitation
IPTG-induced E. coli cells over-expressing gp35-His and gp36-His were separately cultured, and 200 μl of each culture was mixed and sonicated on ice in the presence of 1 mM PMSF. For immunoprecipitation, soluble fractions were obtained after centrifugation (13,000× g, 10 min, 4°C). Centrifugation of the lysate was repeated (13,000× g, 10 min, 4°C), and 100 μl of supernatant was added to 2 μl of anti-gp36-His mouse antiserum (our collection) and incubated for 3 hr at 4°C. A 10 μl aliquot of Protein G Sepharose (1.6 mg/ml, Sigma) was added to antibody-protein complexes, incubated for 3 hr at 4°C and subsequently washed five times with 500 μl of 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA. Precipitated proteins were solubilized by the addition of 50 μl of loading buffer (50 mM TrisHCl pH 6.8, 100 mM 2-mercaptoethanol, 2% SDS, 0.1% Bromophenol Blue and 10% glycerol) and subsequently analyzed using 15% SDS-PAGE. Following gel electrophoresis, proteins were transferred to a polyvinylidene difluoride membrane and incubated with anti-gp35-His mouse antiserum (our collection; 1:40,000 dilution), followed by secondary anti-mouse IgG antibody labeled with horseradish peroxidase (GE Healthcare; 1:15,000 dilution). Visualization was carried out using an ECL Advance Kit (GE Healthcare).
| Crystallization and crystal structural determination
Crystals (gp36) were obtained by hanging-drop vapor diffusion against a reservoir solution containing 0.1 M HEPES (pH 7.5), 0.8 M sodium dihydrogen phosphate and 0.8 M potassium dihydrogen phosphate at 20°C. Orthorhombic crystals were frozen in liquid nitrogen, placed in a cryostream of liquid nitrogen vapor and used to collect diffraction data on a Rayonix MX-300HE charge-coupled device detector at the BL44XU beamline at SPring-8 (Harima, Japan). Datasets for native crystals were obtained at a wavelength of 0.9000 Å, and phases were determined using a heavy atom derivative prepared by soaking native crystals in the presence of 10 mM K 2 PtCl 6 for 10 min. Single isomorphous replacement with anomalous scattering (SIRAS) data was collected at 1.0718 Å. All diffraction data were processed with HKL-2000 software. Phases were calculated using SIRAS data in autoSHARP. An initial structure of gp36 was built using ARP/wARP, and the initial structure was refined using REFMAC5, Phenix and Coot. Tertiary structural homology of gp36 with other proteins deposited in the PDB was inspected using the Dali server (http://ekhidna.biocenter. helsinki.fi/dali_server/start). Electrostatic surface potentials were calculated for the gp36 structure using MolFeat v.2.6 (FiatLux, Japan). Structural comparison and calculation of RMSD values between equivalent α-carbons were carried out using the FATCAT server (http://fatcat. burnham.org/fatcat/).
